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Abstract
Sustained eﬀorts have been made in our laboratory to improve the performance of an indigenously developed pressure wave gen-
erator by reducing the mechanical losses and the required input power. An acoustically matching pulse tube cooler, with a design
target of 0.5 W at 80 K, was designed using Sage and experience gained from previous studies. The pulse tube cooler was fabri-
cated and tested. The eﬀect of regenerator stacking pattern on the cooler performance was studied by ﬁlling the regenerator with
mesh of the same size #400 and with multi meshes #250, 325, 400. In present experiments, regenerator with #400 mesh at 30 bar
ﬁlling pressure performed better with more energy eﬃciency. A no load temperature of 74 K was achieved with input power of 59
W corresponding to a cooling power of 0.22 W at 80 K. Parasitic heat load to the cooler was measured be 0.68 W. This heat load
is primarily by heat conduction through the regenerator and pulse tube wall. By reducing the wall thickness from 0.30 mm to 0.15
mm, the parasitic loads can be reduced by 50%.
c© 2014 The Authors. Published by Elsevier B.V.
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1. Introduction
Pressure wave generator driven pulse tube cooler technology, which has been well developed in the last decade, is
a great potential for many applications including space infrared sensor cooling and cryogen free cooling. The pressure
wave generator (PWG) is a key component and its eﬃcacy is of prime importance to the functioning of the cryocooler.
Mechanical losses including the pressure and ﬂow losses can be used for evaluating the performance of the PWG. The
suitability of a PWG for driving a particular cryocooler depends on the piston and magnet conﬁgurations along with
the cooler impedance.
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A moving magnet PWG with 2 cm3 swept volume and dual opposed piston conﬁguration supported by spiral
ﬂexure bearings was designed and developed indigenously. The PWG did not perform as per expectations due to
high pressure and ﬂow losses. The PWG performance was improved by optimal modiﬁcations of the piston diameter,
maximum piston stroke, seal gap, moving mass and total eﬀective back volume (Jacob et al. (2014)). The improved
PWG was used to drive a readily available pulse tube cooler. A no load temperature of 130 K was achieved much
below the design target of 0.5 W @ 80 K due to acoustic mismatch. In this paper, eﬀorts to develop an acoustically
matched cooler and its experimental testing are described. The parasitic losses which degrade the performance of the
cooler are also evaluated.
2. Design of an acoustically matched pulse tube cooler
2.1. Design procedure
A matched pulse tube cooler (PTC) to the PWG was designed using Sage software (Gedeon (2009)). A mean
ﬁlling pressure Po of 25 bar was chosen. The resonance frequency fres of the system comprising of both the PWG and
PTC can be calculated from the front spring gas stiﬀness Kfront, back spring gas stifness Kback, ﬂexure spring stiﬀness
Kf lexure and the magnetic spring stiﬀness Kmagnet using the equations:
Kfront/back =
A2Poγ
Vf ront/back
(1)
fres =
1
2π
√
Kfront + Kback + Kf lexure + Kmagnetic
m
, (2)
where A is the piston area, γ is the ratio of speciﬁc heats, Vf ront, Vback are the gas volumes in front and back of the
piston respectively and m is the total moving mass associated with the piston (John A. Corey (2002)).
Using Eq. 2, the resonance frequency was estimated to be 79 Hz and the PTC was designed for operation at
this frequency. The ﬂexure and magnetic stiﬀness of the PWG motor assembly was input to the Sage model. The
indigenously developed PWG has a motor stroke and current limits of ±2.5 mm and 3.5 A, respectively. These
limitations were imposed as constraints to the optimization procedure of the Sage software.The diameters of the
regenerator, pulse tube and the inertance tubes were chosen based on previous experimental results. The cooling
power was maximized by varying the length of the regenerator, pulse tube, ﬁrst inertance tube and second inertance
tube simultaneously.
2.2. Optimized design of the pulse tube cooler
The optimized dimensions of the pulse tube cooler are shown in Table 1. Important parameters of the design are
shown in Table 2. A maximum cooling power of 0.46 W at 80 K can be achieved when motors are operated at the
stroke maximum of ±2.5 mm. The total current is 4.29 A well within the total current limit of 7 A. Thus the pulse
tube cooler is acoustically matched to the PWG.
Table 1: Optimized dimensions of the pulse tube cooler obtained using Sage.
Component Diameter (mm) Length (mm) Mesh (#)
Regenerator 9.5 68 400 Stainless steel
Pulse tube 7 78 NA
Inertance tube 1 2 659 NA
Inertance tube 2 3 2155 NA
Aftercooler 9.5 10 100 Copper
Cold heat exchanger 7 10 100 Copper
Hot heat exchanger 7 10 100 Copper
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Table 2: Important parameters of the optimized design obtained using Sage.
Parameter value Parameter value
Predicted cooling power at 80 K (W) 0.46 (1) PV power at aftercooler (W) 28.72
No load temperature (K) 63 (2) Copper loss (W) 9.19
Best operating frequency (Hz) 79 (3) Pressure loss + ﬂow loss (W) (Experimental data, Jacob et al. (2014)) 17
Stroke per motor (mm) ±2.5 (1) + (2) + (3) Total Input Power (W) 54.91
Total current (A) 4.29
Pressure amplitude at diﬀerent locations
Mass ﬂow amplitude PWG (bar) 1.709
At aftercooler (g/s) 0.57 Regenerator cold end (bar) 1.198
Hot heat exchanger (bar) 1.174
3. Experiments with the matched cooler
The regenerator and the pulse tube were fabricated out of titanium with ﬂanges to enable assembly and modiﬁcation
of the components. The wall thickness was 0.30 mm. Regenerator is the most important component of the pulse
tube cooler. The regenerator eﬀectiveness is determined by the length and mesh properties such as wire diameter and
porosity. These properties also determine the extent of pressure drop loss and the attenuation of the pressure amplitude
in the regenerator. ? carried out numerical investigations and found that the multi mesh regenerator increases the
regenerator’s outlet pressure amplitude, decreases inertial and viscous losses in the hot end of the regenerator and
consequently increases the COP of the system. Initially the experiments were conducted with the regenerator ﬁlled
completely with stainless steel 400 mesh which will be referred to as RG-1. Then to validate the optimality of the
mesh that is used in the cooler, the regenerator was ﬁlled with stainless steel 250, 325 and 400 mesh referred to as
RG-2. The extent to which regenerator is ﬁlled with mesh of each size was determined using the thermal penetration
depth of the helium gas and the mesh parameters. The pattern of stacking of the regenerator is listed in Table 3.
Table 3: Pattern of regenerator stacking.
Component Filling length (mm) Component Filling length (mm)
Regenerator RG-1 Regenerator RG-2
# 400 mesh 68 #250 mesh 48
#325 mesh 5
#400 mesh 15
Total 68
The cooler components were assembled and leak tested. The temperature of the cold heat exchanger was measured
using a platinum resistance temperature detector PT100. Enamel coated copper wire was used as the leads of the
platinum sensor which were wrapped on the regenerator to reduce heat transfer loss through the leads of the sensor.
Mylar multilayer insulation was wrapped on the cooler components to prevent radiation from the ambient. The cooler
was enclosed in a vacuum jacket which was pumped continuously to a vacuum of 5·10−4 mbar. The cooler was ﬁlled
with helium of 99.9995% purity. The assembled cooler with Mylar insulation is shown in Fig. 1.
Fig. 1: Pulse tube cooler in assembled condition.
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(a) (b)
Fig. 2: Variation of cold heat exchanger temperature at a ﬁlling pressure of 25 bar with regenerator (a) RG-1 (b) RG-2.
3.1. Experimental results
Initially the cooler was experimentally tested with RG-1 at 25 bar ﬁlling pressure. The operating frequency was
75 Hz, the experimental resonance frequency of the combined PWG - PTC system, which is close to the theoretically
estimated value of 79 Hz. The variation of the cold heat exchanger temperature with time is shown is Fig. 2a. A no
load temperature of 81.8 K was achieved in 125 minutes. This is lower than the expected performance of 0.46 W at
80 K. Similar experiment was done with the stacked regenerator RG-2 and the variation of the cold heat exchanger
temperature is shown in Fig. 2b. A no load temperature of 78.6 Kwas achieved in 76 minutes. The no load temperature
is better by 3.2 K and also a small cooling power at 80 K is achieved. The diﬀerence in cooling times is due to the
operational diﬀerences. In experiments with RG-1 the stroke was increased progressively to the ﬁnal value whereas
in experiments with RG-2 the ﬁnal stroke was given at the beginning of the cooldown.
Experiments were also done at 30 bar and the cooldown curves with RG-1 and RG-2 are shown in Fig. 3. With
regenerator RG-1, a no load temperature of 74 K was achieved in 105 minutes. With RG-2, a no load temperature of
73.9 K was achieved in 77 minutes. Other important parameters during the experiments are listed in Table 4 along with
Sage predictions for RG-1. The amplitude of the mass ﬂow entering the aftercooler was measured using a calibrated
hot wire anemometer and is also shown in Tab. 4. The measured mass ﬂow amplitude is close to the value predicted
by Sage. The PV power delivered to the pulse cooler was estimated and listed in Table 5. This requires the estimation
of the pressure and ﬂow losses of the pressure wave generator which is described in detail by Jacob et al. (2012). The
net PV power was calculated by subtracting the copper loss, pressure and ﬂow losses from the input PV power.
(a) (b)
Fig. 3: Variation of cold heat exchanger temperature at a ﬁlling pressure of 30 bar with regenerator (a) RG-1 (b) RG-2.
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Table 4: Experimental observations during the cooler runs with Sage predictions for RG-1.
Regenerator RG-1 RG-2 RG-1 RG-2 Sage RG-1
Filling pressure (bar) 25 25 30 30 25
Frequency (Hz) 75 75 77 77 79
Total stroke amplitude (mm) 4.6 5 4.4 5.1 5
Current (A) 4.69 5.24 4.81 6 4.29
Power (W) 57.1 63.7 58.8 82 54.9
Amplitude of mass ﬂow to aftercooler (From hot wire anemometer measurements) 0.6 - 0.65 - 0.57
Pressure amplitude in PWG (bar) 1.79 2.06 1.82 2.34 1.71
Pressure amplitude at hot heat exchanger (bar) 0.69 0.34 0.76 0.48 1.17
No load temperature (K) 81.8 79 74 73.9 63
Table 5: Estimation of PV power delivered to the cooler.
Regenerator RG-1 RG-2 RG-1 RG-2 Sage RG1
Filling pressure (bar) 25 30 25 30 25
No load temperature (K) 81.8 79 74 73.9 63
(1) Power (W) 57.1 63.7 58.8 82 54.9
(2) Copper loss (W) 11 13.7 11.6 18 9.2
(3) Pressure loss + Flow loss (W) (Jacob et al. (2014)) 15.5 16 21 22 17
(1) - (2) - (3) Net PV power delivered (W) 30.6 34 26.2 42 28.7
In order to ascertain the reasons for the no load temperature being higher than the expected, the parasitic heat loads
to the cold heat exchanger were analysed by the rate of temperature rise method. After the cool down, the PWG was
switched oﬀ and the rise in temperature of the cold heat exchanger was measured which is shown in Fig. 4a. At any
particular instant during warmup, the gradient of the curve, which in conjunction with the known mass of the cold
heat exchanger and the speciﬁc heat of copper at that particular temperature was used to compute the parasitic heat
load. The adjoining titanium ﬂanges develop a large thermal gradient and do not contribute to the thermal mass. The
parasitic heat loads at diﬀerent temperatures are shown in Fig. 4b. At 80 K, the parasitic heat load is 0.68 W which is
comparable to design cooling power of 0.5 W.
3.2. Discussion of results
In experiments with RG-2, the total stroke is greater than those with RG-1. Thus the pressure amplitude in PWG
with RG-2 is 15% and 28.5 % higher at 25 bar and 30 bar, respectively. This should have resulted in a higher pressure
amplitude at the hot heat exchanger as predicted by Sage simulation for RG-1. On the contrary, pressure amplitude
(a) (b)
Fig. 4: (a) Variation of cold heat exchanger temperature with time during warmup. (b) Parasitic heat loads at diﬀerent cold heat exchanger
temperatures.
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at the hot heat exchanger is lower by 50.7% and 36.8% at 25 and 30 bar respectively. More experiments are being
planned to ascertain the reasons for this deviation.
Maytal and Pfotenhauer (2013) discuss the lowest attainable stable temperature of cryocooling which can be sum-
marized as
Tnoload = f unction(NTU, η, Pr), (3)
where NTU is the number of transfer units of the regenerator, η is the eﬀectiveness of heat exchange in the regenerator.
The pressure ratio Pr is ratio of pressure high to pressure low at the regenerator cold end. In experiments with RG-2,
even though the pressure amplitude at the hot heat exchanger is lower, the drop in pressure ratio is only 3% and 2% at
25 bar and 30 bar, respectively. This means that in the experiments with RG-1 and RG-2, Pr is almost the same. Since
the no load temperature is almost the same at both 25 and 30 bar, RG-2 and RG-1 have the same combined eﬀect of
NTU and η.
By comparing the performance of RG-1 at 25 and 30 bar in Table 5, it can be concluded that the eﬃciency of RG-1
increases with ﬁlling pressure. More PV power is delivered in experiments with RG-2 compared to RG-1. But RG-2
consumes more PV power to produce the same no load temperature of 74 K.
In order to ascertain the origin of the parasitic heat load, the heat conduction through regenerator and pulse tube
wall material was calculated. With one end at 300 K and the other end at 80 K the regenerator and pulse tube wall
conduction is 0.47 W and 0.30 W respectively. Thus wall conduction is a major factor contributing to parasitic load.
By reducing the wall thickness from 0.3 mm to 0.15 mm the parasitic load can be reduced by 50%. Thus the design
target of 0.5 W at 80 K can be achieved.
4. Conclusion
A pulse tube cooler which is acoustically matched to the indigenous pressure wave generator was designed, fabri-
cated and tested. Diﬀerent regenerator ﬁlling patterns were experimentally tested. In present experiments, regenerator
with #400 mesh at 30 bar ﬁlling pressure performed better with more energy eﬃciency. A no load temperature of
74 K was achieved with input power of 59 W corresponding to a cooling power of 0.22 W at 80 K. Parasitic heat load,
measured be 0.68 W, to the cooler is primarily by heat conduction through the regenerator and pulse tube wall. By
reducing the wall thickness from 0.30 mm to 0.15 mm, the parasitic loads can be reduced and the design target of 0.5
W at 80 K can be achieved.
Acknowledgements
The authors thank the ISRO/RESPOND and ISRO/STC program for the ﬁnancial support to this project, Dr. Ajit
Gaunekar for his assistance in the early phase of PWG development and Dr. Paul Bailey for many fruitful discussions
and suggestions. Special thanks to Mr. Basava Raju, Mr. Rajendiran, Mr. Rajendra Prasad and Mr. Raju H. C. for
their assistance in setting up the experiments and fabrication of the components.
References
Gedeon, D., 2009. Sage users guide. Gedeon Associates, Athens , Ohio , USA.
Jacob, S., Karunanithi, R., Narsimham, G. S. V. L., Kranthi, J. K., Damu, C., Praveen, T., Samir, M., Mallappa, A., 2014. Studies on an improved
indigenous pressure wave generator and its testing with a pulse tube cooler. AIP Conference Proceedings 1573 (1), 386–391.
Jacob, S., Rangasamy, K., Jonnalagadda, K. K., Chakkala, D., Achanur, M., Govindswamy, J., Gour, A. S., 2012. Evaluation of mechanical losses
in a linear motor pressure wave generator. AIP Conference Proceedings 1434 (1), 1226–1233.
John A. Corey, J. M., 2002. Matching an acoustic driver to an acoustic load in an acoustic resonant system.
Maytal, B., Pfotenhauer, J. M., 2013. Miniature Joule-Thomson cryocooling: principles and practice. NY: Springer, New York.
